Lightening the Dark Matter from its Viscosity and Explanation of EDGES
  Anomaly by Mishra, Arvind Kumar
Lightening the Dark Matter from its Viscosity and
Explanation of EDGES Anomaly
Arvind Kumar Mishra1, 2, ∗
1Theoretical Physics Division, Physical Research Laboratory,
Navrangpura, Ahmedabad, 380009, India
2Indian Institute of Technology Gandhinagar, Palaj, Gandhinagar, 382355, India
(Dated: July 10, 2019)
Abstract
We study the visible photon production from the viscous dissipation of the dark matter (DM)
fluid. The visible photon production depends on the magnitude of the dark matter viscosity and
becomes important at the late times. We argue that for sufficiently large dark matter viscosity, the
number of the resonantly converted visible photons becomes large which populates the Rayleigh-
Jeans (RJ) tails of the Cosmic Microwave Background (CMB) radiation. Consequently, these excess
visible photons possibly can explain the reported EDGES anomaly in the 21 cm signal. Further,
we explore the parameter space for which the 21 cm signal can provide the region to probe the
dark radiation and the DM viscosity.
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I. INTRODUCTION
The different astronomical and cosmological observations confirm a new kind of matter,
called dark matter [1–6], which contribute ∼ 25% of Universe energy budget. Rest ∼ 75%
of the energy density is constituted by dark energy and the baryonic matter. Up to date
the presence of DM is dictated only through their gravitational interaction. In the current
ongoing DM searches such as the direct, indirect, and collider searches, a finite interaction
between the DM and the visible matter is considered but the current results suggest no sign
of any non-gravitational interaction with the DM. For reviews, we refer to Refs. [7–10].
In the standard cosmological description, the dark matter is considered as a perfect fluid
but any deviation from the perfect fluid approximation can lead to some interesting conse-
quences. It has been argued that the viscous DM can explain the early time [11–14] and
late-time cosmic acceleration [15–28] and also ameliorate the tension between the Planck
and local measurements [29]. In our previous work, we argued that the Self Interacting Dark
Matter (SIDM) which solves the small scale issues faced by the collisionless cold dark matter
can lead to viscosity in DM fluid. At the late time, this viscosity is strong enough to account
for the present cosmic acceleration [30] and also explain the low redshift observations with-
out the extra dark energy component [31]. Further, using the DM-gas interaction and in
the light of the reported EDGES 21 cm signal, we have obtained the constraints on the DM
viscosity in Ref. [32]. In Ref. [33], using the EDGES signal the authors have constrained the
strength of magnetic field. For more recent work on the cosmic viscosity, see Refs. [34–39].
In this work, we study the visible photons (standard model photon) production from the
viscous DM dissipation. It has been found that the viscous dark matter contributes to an
entropy production and thus in energy dissipation in the cosmic medium [40][32]. In order to
observe the dissipative energy, we assume that the DM dissipating into the visible photon,
which can be possible in two ways. Firstly, when the DM dissipates directly into photons
and secondly, when the dark matter dissipates into Dark Radiation (DR) which can further
change into visible photons via the kinetic mixing. The photon conversion will be large at
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the resonance, when the plasma mass of the photon is equal to the dark radiation mass.
The EDGES collaboration has anounced to detect an anomaly in 21 cm signal at the
time of the cosmic dawn era [41]. One of the possible explanation of the EDGES signal
requires a large number of the CMB photons in the Rayleigh-Jeans (RJ) limit of the CMB
spectrum [42–46]. We check a possibility whether these produced photons can address the
anomaly reported by the EDGES collaboration [41]. We calculate the number of RJ photons
that have been obtained from the dark matter dissipation. We find that the number density
of the produced photon depends on the dark matter temperature and increases as the DM
temperature increases. We see that for the case when photons produce through kinetic mixing
may increase the number density of photons in RJ limit significantly and as a result, these
photons can explain the EDGES anomaly. But in a case when the DM directly dissipates
some fraction into the photons does not explain the EDGES. Further, we constrain the
parameter space for the mixing parameter, DM mass and the dark radiation mass that
explain the reported EDGES anomaly.
The arrangement of our work is as follows: In Section II, using the power-law form of the
DM viscosity, we calculate an analytic expression of the DM temperature as a function of the
redshift. In Section III, we discuss the two different mechanisms for the photon production
from the DM dissipation. Then in Section IV, the 21 cm anomaly is explained using these
excess RJ photons and also analyzed the parameter space for different quantities involved.
Lastly in Section V, we conclude our work.
II. DARK MATTER VISCOSITY AND HEATING
In the standard cosmology (ΛCDM model), DM is assumed to be cold and an ideal fluid
(no viscosity). Here we assume that the dark matter is a viscous fluid having a bulk viscosity.
In this work, we do not discuss the origin of the bulk viscosity, which possibly may be related
from some microscopic properties of the DM such as DM self-interaction [30][31] or the DM-
decay [16]. To study the effect of DM bulk viscosity, we consider a power law form of the
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DM bulk viscosity as [47]
ζχ(z) = ζ0
(
ρχ(z)
ρχ(0)
)α
. (1)
Where ζ0 and α are the viscosity parameters. Here ρχ(z) and ρχ0 represent the DM energy
density at any redshift, z and at present, z = 0, respectively.
In order to calculate the dark matter temperature, first we need to estimate the entropy
generation from the DM viscosity. The entropy production per unit volume due to the bulk
viscous dark matter is given by [40]
∇µSµ = ζχ
Tχ
(
∇µuµ
)2
, (2)
where Sµ is the entropy four-vector, given by
Sµ = nχsχuµ , (3)
and sχ, nχ and uµ represents the entropy per unit particle, number density and the four-
velocity of the dark matter, respectively. Further, from the Second law of Thermodynamics,
the heat energy per unit time per unit volume generated by the viscous dark matter fluid is
given by
dQv
dV dt
= Tχ∇µSµ , (4)
where ∇µSµ is given from the Eq. (2). In the comoving frame, uµ = (1, 0, 0, 0), then the
above Eq. becomes
dQv
dV dt
= 9ζχH2 . (5)
Thus in the presence of the DM viscosity, the DM temperature evolves as [32]
dTχ
dz
= 2 Tχ1 + z −
2
3(1 + z)H
(
mχ
ρχ
)(
dQv
dV dt
)
. (6)
Where Tχ, mχ, ρχ represents the temperature, mass and energy density of the dark matter
respectively. The Hubble expansion rate is given by H(z) ≈ H0 (ΩM0)1/2 (1 + z)3/2 , where
ΩM0 and H0 correspond to the present value of matter content (DM and baryon) and the
Hubble expansion rate, respectively and their values are taken from the Planck data [48].
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Also, dQv
dV dt
is obtained from the Eq. (5). The first term in Eq. (6) corresponds to the Hubble
dilution which decrease the DM temperature throughout the cosmic evolution. The second
term in Eq. (6) is because of the DM viscous dissipation and the negative sign indicates that
due to DM dissipation, the dark matter temperature increases.
Then using the Eq. (6), the analytic solution for DM temperature is obtained as
Tχ(z) = A(1 + z)2 − 4.224pi
(
H20 m
2
Pl
ρc
)(
mχ ζ¯
α− 1.16
) [
1 + z
]3(α− 12 ) , (7)
where A and ρc represents the constant of integration and the present critical energy density
of the Universe, respectively. Further, ζ¯ = 24piGζ0
H0
is dimensionless viscosity parameter and
mPl = 1√8piG is the Planck mass. In order to calculate A, we take the initial condition of DM
temperature at the redshift, zi, where we assume Tχ(zi) = 0. So using the initial condition
in Eq. (7), we obtain
A = 4.224pi
(
H20 m
2
Pl
ρc
)(
mχ ζ¯
α− 1.16
) [
1 + zi
]3α− 72 . (8)
The solution indicates that there is a singularity for α = 1.16. From this equation, it is clear
that the DM temperature depends on the viscous parameter, ζ¯ and α.
Furthermore, as the DM viscosity increases, the DM started heating up. In the case of
sufficiently large DM viscosity, the DM temperature becomes high and may conflict with
the DM coldness paradigm. The condition that DM will be cold in the redshift interval
zdec ≥ z  1, is given by [49]
Tχ
mχ
≤ 1.07× 10−14(1 + z)2 , (9)
where, zdec is the redshift at which the DM decouples kinamatically. This allows us to find
a condition on the DM viscosity parameter for which the DM behaves as cold fluid. Thus
using Eq. (7) and Eq. (9), the condition on the DM viscosity at the redshift, zf for which
the DM is dictated as a cold fluid, is given as
ζ¯ ≤ 1.92× 10−13
(
(α− 1.16)ρc
H20 m
2
Pl
) [(
1 + zi
)3α− 72 − (1 + zf)3α− 72 ]−1 . (10)
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FIG. 1: DM temperature evolution for different values of the DM viscosity for α = −1 and
mχ = 1 GeV. The temperature of DM increases as the DM viscosity increases.
where zdec  zi > zf  1. If the above inaquality does not hold then the viscous DM fluid
will not be cold.
Up to this point our analysis is general but for the rest of the paper, we consider the
initial condition for DM temperature at zi = 1300. Thus, at the zf = 17, the maximum
allowed viscosity that respect the DM coldness paradigm is, ζ¯ ∼ 7× 10−6 for α = −1 case.
In Figure 1, we plot the DM temperature as a function of the redshift for the different
values of DM viscosity parameters. We fix α = −1,mχ = 1 GeV, and plot the Tχ for
ζ¯ = 10−6 (red line), ζ¯ = 10−7 (black line), ζ¯ = 10−8 (blue line). We see that as the DM
viscosity increases, DM temperature increases and this effect becomes prominent at late time
(small redshift).
A. Energy dissipation from the viscous DM fluid
In term of the redshift, the dissipated energy, by viscous DM from the Eq. (5) is given
by
qvis
(
zs → ze
)
=
∫ ze
zs
dQv
dV
dz = −9
∫ ze
zs
ζχ(z)
H(z)
(1 + z) dz . (11)
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Here zs and ze represents the starting and ending redshift between which the DM is dissi-
pating energy. After integrating the Eq. (11), we get
qvis
(
zs → ze
)
= 5.36× 10−43
(
H0 m
2
Pl
24pi
)(
ζ¯
2α + 1
) [(
zs + 1
)3(α+ 12 ) − (ze + 1)3(α+ 12 )] . (12)
Thus the dissipated energy from the DM fluid depends on the dark matter viscosity param-
eters, ζ¯ and α. Also, the dissipation becomes prominent when the viscosity is large. From
Eq. (12), it is clear that α 6= −0.5, otherwise the expression on RHS will blow. We point
out that the viscous energy dissipation becomes large at late time and increases with the
DM viscosity.
III. VISCOUS DISSIPATION AND PHOTON PRODUCTION
In this Section, we will discuss the production of visible photons from the dissipation of
viscous DM fluid. Note that, we will use the terms visible photon and photon interchange-
ably unless specified explicitly. Assume that a small fraction of the DM is viscous, whose
contribution is very small in comparison with the total DM energy density. The DM viscos-
ity produces the entropy which leads to heat energy and thus can generate visible photons.
From the DM dissipation, the visible photon conversion can be considered via two following
ways: (1) when the DM is directly dissipating into the visible photon and (2) when the DM
firstly dissipates into the dark radiation DR and then convert into the visible photon via the
kinetic mixing. We will discuss both cases one by one.
We note that in this work, we will not discuss the explicit particle physics motivated
viscous dissipation mechanism by which the DM dissipates directly in visible photons and
dark radiation and leaves this as a future exercise.
A. When DM directly dissipates into visible photons
In this case, we assume that the viscous dissipation directly produces visible photons.
These photons are in thermal equilibrium with the DM and follow the Bose-Einstein dis-
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tribution function. Then the number of photons generated from DM viscous dissipation is
given as
nχ→A =
1
pi2
∫ ∞
0
1
exp
(
ω
Tχ
)
− 1 ω
2 dω , (13)
Then the number of photons generated up to small frequency limit, ωmax is given as
nχ→A =
1
pi2
∫ ωmax
0
1
exp
(
ω
Tχ
)
− 1 ω
2 dω (14)
In the low energy limit, we approximate, e
ω
Tχ −1 ≈ ω
Tχ
. Thus after integrating the Eq. (14),
we get
nχ→A ≈ Tχ ω
2
max
2pi2 (15)
This shows that the number density of the RJ photons is proportional to the DM tempera-
ture. The greater is the DM temperature, the larger is the photon production.
B. When DM dissipates into DR and convert into photon via the kinetic mixing
In this case, we assume that the DM is dissipating in the dark radiation, A′ and also
the DR is in the thermal equilibrium with the DM. The dark radiation A′ is boson hence it
follows the Bose-Einstein distribution function. Then the number density of produced dark
radiation can be given by
nA′ =
gDR
2pi2
∫ ∞
mA′
ω
exp
(
ω−µ
TA′
)
− 1
√
ω2 −m2A′ dω , (16)
where mA′ is the DR mass. The gDR and µ represents the DR relativistic degree of
freedom and the chemical potential. Since A′ is relativistic, then the associated energy,
ωA′ =
√
m2A′ + p2A′ , where the mA′ and pA′ represents the mass and the momentum of the
dark radiation, respectively. Considering µ = 0, the differential number density of the DR
is given as
dnA′
dω
= gDR2pi2
ω
exp
(
ω
Tχ
)
− 1
√
ω2 −m2A′ . (17)
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Conversion of DR (A′) into visible photon (A): The DR can convert into the photons
via the kinetic mixing as the SM neutrino change its flavor [50]. The photon-dark photon
interaction Lagrangian is given by [45]
LA′A = −14FµνF
µν − 14F
′
µνF
′µν − 2FµνF
′µν + 12m
2
A′A
′
µA
′µ (18)
where  represents the kinetic mixing parameter. In the above Lagrangian, third term and
last term corresponds for the mixing between the DR and visible photons and DR mass.
The probability for a sufficient conversion of the DR to photon happens at the condition
of resonant oscillation, when the DR mass is equal to the plasma photon mass, i.e. mA′ =
mA(z), where mA(z) is the plasma mass of the photon at the redshift, z. The plasma mass
is defined as [51, 52]
mA(z) ' 1.7× 10−14 (1 + z)3/2 x1/2e (z) eV , (19)
where xe(z) is the eleectron fraction which we have calculated from the Recfast code [53]
using CAMB [54]. The resonance happens for a range of DR mass between, 10−14 − 10−9 eV.
The conversion probability of DR (A′) into SM photon (A) at the resonance is given by [51]
PA−→A′ = PA′−→A =
pi2m2A′
ω
∣∣∣∣∣d logm2Adt
∣∣∣∣∣
−1
t=tres
(20)
where tres is the time of the resonance. In terms of the redshift, the conversion probability
given in above equation can be written as
PA′−→A =
pi2m2A′
ω
∣∣∣∣∣(1 + z)H(z) dm2Adz
∣∣∣∣∣
−1
z=zres
(21)
For the low energy photons, the free-free (bremsstrahlung) absorption effect should be taken
into consideration. Then the above probability should be multiplied by the photon survival
probability, PS(x, z) ≈ e−τ(x,z). Hence, PA→A′ −→ PA→A′ ×PS(x, z). The absorption will be
effective when z > zabs = 1700 [55].
Therefore, the differential number density of the visible photon produced from the viscous
dissipation of DM into DR and further to photons is given by
dnA′→A
dω
= dnA
′
dω
PA′→A (22)
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Using the Eq. (17) and Eq. (21) in Eq. (22), we get
nA′→A =
pi2gDRm
2
A′Tχ
2pi2
∣∣∣∣∣(1 + z)H dm2Adz
∣∣∣∣∣
−1
t=tres
∫ ∞
mA′
√
ω2 −m2A′
ω
dω . (23)
In order to estimate the number density of the photons in the RJ limit, we need to inte-
grate the energy interval in above Eq. up to a small frequency limit, ωmax. Thus in this
approximation and applying integration, we obtain as
nA′→A =
pi2gDRm
2
A′Tχ
2pi2
√ω2max −m2A′ +mA′ tan−1
 mA′√
ω2max −m2A′
− pimA′2
 ∣∣∣∣∣(1 + z)H(z) dm2Adz
∣∣∣∣∣
−1
z=zres
(24)
where gDR = 2. It is clear from the above equation that the number of the produced photons
depends on the DM temperature, DR mass, and the mixing parameter.
The effect of these extra photons produced from the DM dissipation may be applied to
explain the EDGES anomaly, which we will discuss in the next Section.
IV. VISCOUS DM DISSIPATION INTO THE PHOTONS AS AN EXPLANATION
OF EDGES ANOMALY
The EDGES collaboration has announced the detection of the global signal of the 21 cm
wavelength at the redshift z ∼ 17 [41]. The observed intensity of 21 cm signal is represented
by the brightness temperature, T21, which is defined as [56, 57]
T21 ≈ 3λ
2
21A10nH
16(1 + z)H(z)
(
1− TCMB
TS
)
, (25)
where TS and TCMB represents the spin and the gas temperature, repectively. The λ21 and nH
are the wavelength of the 21 cm line at rest and the hydrogen number density, respectively.
The reported strength of the signal, TEDGES21 ≈ −500+200−300 mK [41], which is approximately
two times larger than the standard cosmological prediction. It has been argued that the
EDGES anomaly can be addressed via the DM-baryon interaction [56] or increasing the
photons in the low frequency limit [42–46] etc. For other possible EDGES explanations, see
Refs. [58–61].
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The explanation of EDGES anomaly requires an increase in the photons in the Rayleigh-
Jeans (RJ) limit of the CMB radiation. The photons in the low energy limit of the RJ tail
of CMB radiation is given by
nRJ =
gCMB
2pi2
∫ ωmax
0
1
exp
(
ω
TCMB
)
− 1 ω
2 dω ≈ TCMB ω
2
max
2pi2 , (26)
where gCMB = 2. Here, we propose a new mechanism to explain the EDGES anomaly by the
viscous DM dissipation into the photons. As we have seen in Section III that the viscous
dissipation leads to the photon production and hence, it can increase the photon number
density in the small frequency limit and address the reported EDGES anomaly. In the rest
of the paper, we will estimate the number density of photons produced from the viscous DM
and constrain the parameter space of the different quantities involved.
A. Production of visible phtons from the viscous dissipation
In this subsection, we estimate the photon production via the DM dissipation. In Figure 2,
we plot the differential number density of the photons obtained from the direct dissipation
of the dark matter (black region), through kinetic mixing (red region) with the DR (as
discussed in Section III) and from the CMB (blue region). Here we see that the photons
obtained from the kinetic mixing with the DR (red region) can significantly increase the
number density of the CMB photons in the small frequency region, but does not alter the
number density of the high-frequency photons by an appreciable amount. For the case of
directly produced photons (black region), there is an increase in the CMB photons only at
large frequency region and hence this case is inappropriate to address the EDGES anomaly.
In order to see the dependency of the photon production through the kinetic mixing on
the DM viscosity, we plot the n′A′→A/nRJ (using Eqns.(24) and 26) as a function of the
redshift for different values of the DM viscosity in Fig 3(a). We consider,  = 2.1 × 10−7,
α = −1 and mA′ = 6.12×10−19 GeV and for this DR mass the resonant condition happens at
zres = 1268. Here we find that increasing the DM viscosity increases the photon production
11
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FIG. 2: The spectrum of the photon produced by the viscous dissipation and the CMB
photons. We consider α = −1, ζ¯ = 10−6 and  = 2.1× 10−7. The blue region corresponds to
the CMB photons and the black region corresponds for the spectrum of photons via direct
conversion from the DM dissipation. The red region corresponds to the spectrum when the
DM dissipate into the DR and then convert into the photons via kinetic mixing. It is clear
that the photons obtained from the kinetic mixing populate the numbers of RJ photons
but directly converted photons fail to do so.
rate.
Further, to understand the dependency of n′A′→A/nRJ on the DR mass, we also plot it as
a function of redshift for different values of the DR mass in Fig. 3(b). The DR masses are
considered as 10−20GeV (at zres = 637), 10−19GeV (at zres = 973) and 6.12 × 10−19GeV (at
zres = 1268). We see that the photon number increases as the mA′ increases. This happens
because for larger mA′ value the resonant condition is met earlier (i.e. on the large redshift)
and thus the probability of conversion of DR to photon becomes large. Thus, we conclude
that photons production becomes large for large DM viscosity and DM mass.
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FIG. 3: Ratio of viscous dissipation photon with the CMB photon in the RJ limits. We
consider,  = 2.1× 10−7 and α = −1. In Fig 3(a), DR mass is fixed with the value
6.12× 10−19 GeV corresponding to zres = 1268 and DM viscosity increases. In Fig 3(b) DM
viscosity is fixed and DR mass increases. The plot suggest that the photon production
becomes large for the large DM viscosity and DR mass.
B. Constraining the parameters
In this subsection, we will constrain the range of parameter space for the different quan-
tities that explain the EDGES observation, i.e. n′χ→A/nRJ = 1 [45]. In Fig. 4(a), we plot 
as a function of the DM mass that satify the constraint n′χ→A/nRJ = 1. We see that as mχ
increases the  decreases and for the small values of the mχ, the  becomes large. In Fig.
4(b), fixing the mχ = 1GeV, we plot the  as a function of the DR mass. Here we also find
that  decreases as mA′ increases and becomes large for small mA′ values.
Further, in Fig. 4(c), we plot mχ as function of mA′ . We find that increasing the DR
mass cause decreasing DM mass. This suggests that due to increasing the mA′ , the resonance
times becomes earlier (at large redshift) and hence the probability of the photon conversion
becomes large at comparatively larger redshift.
13
0.001 0.010 0.100 1 10
5.×10-8
1.×10-7
5.×10-7
1.×10-6
5.×10-6
mχ (GeV)
ϵ
mA' = 6.12×10
-19
GeV
(a)
2.×10-19 4.×10-19 6.×10-19 8.×10-19 1.×10-18
2.×10-7
5.×10-7
1.×10-6
mA' (GeV)
ϵ
mχ=1GeV
(b)
2.×10-19 4.×10-19 6.×10-19 8.×10-19 1.×10-18
0.5
1
5
10
mA' (GeV)
m
χ
(G
e
V
)
ϵ=2.1×10-7
(c)
FIG. 4: Contraining the different parameters that explain the EDGES observational signal
i.e. n′χ→A/nRJ = 1 [45]. We considered the viscosity parameters, α = −1 and ζ¯ = 10−7. In
Fig. 4(a),  is function of DM mass (mχ) and in Fig. 4(b),  as the function of the DR
mass (mA′).
C. DM energy dissipation
Here we estimate the amount of the energy dissipation from the DM fluid, that explain
the EDGES anomaly. We estimate the ratio of dissipational energy, qvis from Eq. (12) to the
present DM energy density, ρχ0. In our analysis, we are interested for zs = 1300 and ze = 15.
14
For the viscosity parameter, α = −1 and ζ¯ = 10−7, we get qvis
ρχ0
∼ 10−11, which implies that
only the small part of the total DM is dissipating into the photons.
Also, the magnitude of the DM viscosity considered in our analysis ζ¯ = 10−7 at z = 17 is
less than the maximum limit allowed from the for cold dark matter paradigm given in Eq.
(10), i.e. ζ¯ = 7.14× 10−7. Hence the DM is cold.
V. CONCLUSION
The viscous effects of the DM increase the DM temperature through its viscous dissipa-
tion. If DM viscosity is sufficiently large then the DM fluid may no longer behave like a cold
fluid. In this work, we have derived the condition on the DM viscosity parameters for which
the DM behaves like a cold fluid.
The viscous effect of DM viscosity can be realized when DM produces the observable
signal. In this study, we have discussed one of the possible scenarios where the DM viscosity
leads to generation of the visible photons. We consider the visible photon production in two
ways. Firstly, when the dark matter dissipates directly to the visible photons and secondly,
when dark matter dissipates into the dark radiation which further converts into the visible
photons through the kinetic mixing.
We find that these excess photons in the RJ tails of the CMB can explain the 21 cm
anomaly reported by the EDGES collaboration. We point out that the resonantly produced
photons increase the number density of the RJ tails of the CMB radiation and are sufficient
to explain the reported EDGES anomaly but the directly produced photons fail to do so.
Then, we estimate the range of the values of the mixing parameter, , DM mass, mχ and the
DR mass, mA′ in the light of EDGES 21 cm anomaly. These parameter space can further
provide the probe for DR and DM viscosity from the upcoming precise 21 cm cosmological
observations.
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